A marked trend during the last decades has been the extreme miniaturization of components in information technologies aiming to produce devices with higher speed and storage capacity. As we reach features of ∼10 nm classical physical laws cease to be dominant, and quantum devices will result as we enter the nanometre scale, with quantum mechanics governing the behaviour of the systems. Owing to the intrinsic nature of quantum systems, quantum information processing offers the possibility of performing some computational tasks far more quickly than is possible using conventional computers. These tasks include searching of unsorted directories, using the Grover algorithm[@b1], and factoring large numbers in primes, using the Shor algorithm[@b2]. Furthermore, Lloyd proved the correctness of the conjecture made by Feynman, stating that quantum systems are most successfully simulated using other quantum systems[@b3][@b4]. Therefore, the motivation to produce quantum computers is considerable, and has attracted a great deal of interest from scientist working in materials science, chemistry, physics and nano-fabrication technologies. For example, the company D-Wave has reported a quantum annealer[@b5] that performs certain calculations sufficiently rapid that a consortium involving Google and NASA has invested staggering sums of money in one such device. Many implementation strategies have been proposed for creating quantum computers including superconducting qubits[@b6], quantum dots[@b7], photons and trapped atoms[@b8]. Particularly relevant here are experiments involving nuclear spins, for example recent astonishing work on terbium phthalocyanine complexes[@b9], where it is possible to drive quantum oscillations within single nuclei using microwaves.

A major challenge in developing devices for quantum computation is bringing together sufficient interacting units (qubits) to carry out useful algorithms. This is the major difficulty for quantum systems such as ^13^C sites near nitrogen vacancies in diamond; the individual sites have excellent performance[@b10], but cannot be linked controllably into useful arrays. In an alternative approach, molecular nanomagnets have been proposed as qubits. The first molecular magnet to be proposed for quantum computing was the famous polymetallic cage {Mn~12~} (ref. [@b11]). Since then other molecular systems have been proposed, chiefly the idea of bringing together two two-level systems to make universal quantum gates[@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20]. Individually, they do not have the very long phase memory times associated with defect sites, but in supramolecular chemistry[@b21] a methodology exists to link together molecular qubits into entangled arrays with great control. Supramolecular chemistry brings together molecules with interactions that are weaker than covalent bonds, such that the individual units retain their individual character. In many ways, this is reminiscent of the idea for obtaining an entanglement equilibrium state with quantum mechanics; where individual components retain their identities, but an action at one unit influences another.

We have proposed using heterometallic rings as a qubit[@b22], specifically looking at the {Cr~7~Ni} rings that have an ground state as two-level systems that meet criteria required for qubits, that is, it is possible to initialize them and the energy scales are correct[@b22]. They also have sufficient phase memory times *T*~m~ to allow gate operation before state degradation can occur[@b23], and we can control the interaction between rings to create entangled states[@b24]. We have also shown these rings have significant *T*~m~ values when doped into diamagnetic lattices[@b25], which in the longer term brings the possibility of addressing individual transitions in orientated single crystals. Other groups have reported still longer *T*~m~ values for simpler paramagnets[@b26][@b27]. The chemical advantage of using the heterometallic ring is that there are many methods available, due to their vast chemical versatility, to link them together or to other chemical entities[@b28][@b29][@b30][@b31]. Here we propose a fully modular design strategy to create large arrays of molecular qubits and show the first steps in delivering supramolecular arrays of qubits.

Results
=======

Design and synthesis of hybrid rotaxanes
----------------------------------------

Conceptually what we intend involves growing a large array through combining two steps, building from our reports of hybrid organic--inorganic rotaxanes[@b32][@b33]. Hybrid rotaxanes contain an organic thread to bring together two or more heterometallic rings. In a first step, by means of basic concepts of organic and supramolecular chemistry, we build rotaxanes of increasing complexity, where we functionalise one end of a thread with a pyridine group. In a second step, we make use of single metal sites and coordination complexes with open coordination positions, to act as a central core and bring together very large number of qubits within a supramolecular assembly ([Fig. 1](#f1){ref-type="fig"}).

To show the general validity and versatility of our design strategy, firstly we synthesized the \[2\]-rotaxane \[**A**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}~2~\] (**1**), that contains a pyridine group at the edge of the thread, from the reaction of 2-phenyl-*N*-{\[4′-(pyridin-4-yl)-(1,1′-biphenyl)-4-yl\]methyl}ethanamine **A** (ref. [@b34]), chromium fluoride (CrF~3~·4H~2~O) and a nickel pivalate salt \[Ni~2~(μ-OH~2~)(O~2~C^*t*^Bu)~4~(HO~2~C^*t*^Bu)~4~\] (ref. [@b35]) (1:6:2 molar ratio) using pivalic acid as solvent with a moderate yield (10%). Subsequently reaction of the \[2\]-rotaxane **1** with hydrated \[Cu(hfacac)~2~\]·*n*H~2~O (2:1 molar ratio) yields the \[3\]-rotaxane \[*cis*-{Cu(hfacac)~2~}**A**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}~2~\] (**2**) ([Fig. 2a](#f2){ref-type="fig"}), with three potential qubits (the single Cu^II^ ion is also a two-level system), which contains two heterometallic rings above the central copper, with a *cis* geometry (see [Supplementary Methods](#S1){ref-type="supplementary-material"} for synthetic detail).

To increase the number of qubits in an assembly further we can bind the \[2\]-rotaxane to a coordination complex that possesses more than two open coordination positions. To this end, we prepared thread **B**, 4-phenyl-*N*-(4-(pyridin-4-yl)benzyl)butan-1-amine[@b36], and make the \[2\]-rotaxane \[**B**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}\] (**3**). Reaction of **3** with \[Fe~2~Co(μ~3~-O)(O~2~C^*t*^Bu)~6~(H~2~O)~3~\] (ref. [@b37]) (3:1 molar ratio) gives a triangular \[4\]-rotaxane \[Fe~2~Co(μ~3~-O)(O~2~C^*t*^Bu)~6~{**B**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}}~3~\] (**4**), with three qubits, where the terminal water molecules of the metal carboxylate triangle have been replaced by pyridine--nitrogen atoms of three \[2\]-rotaxane ([Fig. 2b](#f2){ref-type="fig"}).

Another route to increase the number of qubits in the supramolecular array is to increase the number of heterometallic rings in each individual rotaxane. With this in mind, we synthesized threads **C**, *N*^1^-(4-(methylthio)benzyl)-*N*^12^-(4-(pyridin-4-yl)benzyl)dodecane-1,12-diamine and **D**, *N*^1^-(4-(methylthio)benzyl)-*N*^12^-(pyridin-4-ylmethyl)dodecane-1,12-diamine[@b38], in good yield ([Supplementary Methods](#S1){ref-type="supplementary-material"}). Reaction of **C** with CrF~3~·4H~2~O and \[Ni~2~(μ-OH~2~)(O~2~C^*t*^Bu)~4~(HO~2~C^*t*^Bu)~4~\] (1:14:4.5 molar ratio) with pivalic acid as solvent, leads to a \[3\]-rotaxane with formula \[**C**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}~2~\] (**5**) in 23% yield, while reaction with **D** gives \[3\]-rotaxane \[**D**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}~2~\] (**6**) in 60% yield (**6**). These yields are good given the complex assembly process involved. The reactions in each case protonate both secondary amines and a {Cr~7~Ni} ring grows around each, leaving the pyridine group available for further coordination. Addition of **6** or **5** with \[Cu~2~(O~2~C^*t*^Bu)~4~(HO~2~C^*t*^Bu)~2~\] and Cu(NO~3~)~2~·6H~2~O, respectively (2:1 molar ratio) in hot toluene, allow us to obtain \[{Cu(O~2~C^*t*^Bu)~2~}**D**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}~2~\]~2~ (**7**) and \[{Cu(NO~3~)~2~}{**C**H~2~{Cr~7~Ni(μ-F)~8~(O~2~C^*t*^Bu)~16~}~2~}~2~\] (**8**) ([Fig. 2c,d](#f2){ref-type="fig"}). Compounds **7** and **8** are \[5\]-rotaxanes that are almost 7 nm long; they are formed in an overall yield of 70 (**7**) and 75% (**8**) based on thread **C** and **D**, respectively. These \[5\]-rotaxanes contain four {Cr~7~Ni} rings; in **8** the presence of a paramagnetic Cu^II^ ion within the adds a further qubit, producing a \[5\]-rotaxane containing five qubits.

The final step of the strategy is to combine these two routes to increase the number of heterometallic rings per assembly. In this sense, **5** was reacted with the central core \[Fe~2~Co(μ~3~-O)(O~2~C^*t*^Bu)~6~(H~2~O)~3~\] (3:1 molar ratio) in hot acetone, with the aim to get a \[7\]-rotaxane of formula \[{Fe~2~Co(μ~3~-O)(O~2~C^*t*^Bu)~6~}{**C**H~2~{Cr~7~Ni(μ-F)(O~2~C^*t*^Bu)~16~}~2~}~3~\] (**9**). Unfortunately, while compounds **2**, **4**, **7** and **8** yield X-ray quality crystals, we were unable to get suitable crystals of **9** for single-crystal X-ray diffraction experiment.

Characterization of a \[7\]-rotaxane
------------------------------------

In the absence of a crystal structure, and because of the large number of paramagnetic centres present in **9** (that makes NMR spectroscopy less useful than for larger organic molecules), we used small angle X-ray scattering (SAXS) to demonstrate that the \[7\]-rotaxane has been made. SAXS has been used to characterize porphyrin arrays[@b39][@b40][@b41], which present the same problems as **9**. Owing to poor sample solubility, saturated solutions were employed in the SAXS collections. To ensure no aggregation had occurred, diluted collections were also performed and compared (see [Supplementary Figures 11--17)](#S1){ref-type="supplementary-material"}. We began by examining compound **4**, where we have a full crystal structure determination and which can be considered a small version of **9**. Here SAXS data shows two broad maxima at 12 and 22 Å, which match perfectly with the distance obtained by X-ray crystallography in an individual \[2\]-rotaxane from the central core to the centre of the heterometallic ring and the size of the assembly, respectively ([Fig. 3](#f3){ref-type="fig"}).

Then we move to compound **9**, where we have no structure. The first remarkable feature that we noticed was a significant change in the X-ray scattering compare with **4**, as we expected owing to the larger number of heterometallic rings in this supramolecular array. Interestingly, the analysis of the diffraction data with pair distance distribution function shows pairs of particles to much larger distances, with the maximum extent being ca. 55 Å and three maxima at 12, 32 and 50 Å. It can be speculated that the 12 Å distance is related to contacts within a single ring and is consistent with the data from the \[4\]-rotaxane. The 32 and 50 Å could then be related to distances between one inner ring with an outer ring on a different arm and an outer ring to outer ring distance. The model is therefore consistent with six {Cr~7~Ni} rings about a central {Fe~2~Co} triangle, and matches the proposed structure for **9** ([Fig. 4](#f4){ref-type="fig"}).

We attempted to derive further evidence for the formation of **9** from electrospray mass spectrometry, however this \[7\]-rotaxane did not fly as an intact species under mass spectrometry conditions. However, we prepared an analogous version of **9** with Zn(II) \[{Fe~2~Co(μ~3~-O)(O~2~C^*t*^Bu)~6~}{**C**H~2~{Cr~7~Zn(μ-F)(O~2~C^*t*^Bu)~16~}~2~}~3~\] (**10**) and this shows a peak for **10** for a trication at *m*/*z*=5,188; matching well with the calculated mass of 15,424 (see [Supplementary Methods](#S1){ref-type="supplementary-material"} and [Supplementary Figures 6--10](#S1){ref-type="supplementary-material"} for further details).

Hybrid rotaxanes in quantum logic gates
---------------------------------------

A key question remains whether it is possible to produce and control interactions between qubits that would allow operation of quantum logic gates. The heterometallic ring monomers discussed here can exhibit phase memory times (*T*~m~) exceeding 10 μs (ref. [@b23]), although more typically they are a little below 1 μs (refs [@b25], [@b42]). A single-qubit manipulation using commercial electron paramagnetic resonance (EPR) apparatus takes of the order of 10 ns. Any two-qubit interaction capable of, for example, generating controlled entanglement, should do so on a timescale intermediate between the single-qubit manipulation time and the phase memory time, that is, a gate time of 100--300 ns.

A major concern has been that in complex molecules featuring multiple weakly interacting spins, this will introduce a source of decoherence, and therefore significantly decrease the value of *T*~m~. However, a recent study of a molecule containing twenty-four qubits suggests this is not a significant problem[@b31]. To confirm this, we have studied *T*~m~ for compounds **2**, **4**, **5** and **7** using pulsed EPR spectroscopy (see [Supplementary Methods](#S1){ref-type="supplementary-material"} for experimental details); in **2**, **5** and **7** we can fit the measurements to a stretched exponential with *T*~m~=795 ns and a stretch parameter of 1.7. These values are similar to many other heterometallic rings containing pivalate ligands[@b23][@b25]. In compound **4** *T*~m~=700 ns with a similar stretch parameter. These results confirm that bringing together multi-qubit assemblies will not have a deleterious effect on the phase memory.

To examine the interaction between the qubits we have used double electron--electron resonance (DEER) spectroscopy[@b43], which is established in structural biology as a way of measuring distances through the strength of the dipolar interaction between spins. Here we are interested in the two-qubit gate time, which comes directly out of the DEER experiment (see SI for experimental details, [Supplementary Figures 1--5](#S1){ref-type="supplementary-material"} and [Supplementary Table 2](#S1){ref-type="supplementary-material"}). The experiment involves flipping the spin on one centre and examining the resulting precession of a second spin under the change in its effective local magnetic field. The time taken for half of a complete precession corresponds directly to the duration of a two-qubit conditional phase gate (one of the fundamental entangling gates)[@b44].

[Figure 5](#f5){ref-type="fig"} shows typical DEER data from compound **7**, for several different magnetic fields within the EPR absorption spectrum. Compound **7** was studied because the central ring...ring interaction involves a rigid thread with the two rings co-parallel. This makes interpretation of the DEER data more straightforward than in cases where the thread is flexible or where the rings are not co-parallel. A large and oscillatory modulation of the DEER signal as a function of the time position of the pump pulse is visible for a field of 3,912 G; this oscillation represents the precession of the probe spin in the effective magnetic field of the pump spin, yielding a two-qubit gate time of ∼260 ns consistent with a dipolar interaction between the qubits. Weaker modulations occur for the higher magnetic fields of 3,952 G and 3,992 G. The field dependence arises because different orientational subpopulations are excited at each magnetic field, owing to the anisotropy of the monomers\' g factors[@b44].

This two-qubit gate time falls between the operation time for a single qubit and the phase memory time *T*~m~, matching observations we have made in simpler \[3\]-rotaxanes[@b44]. This establishes the presence of two-qubit interactions that are of the right strength for implementing quantum logic gates within assemblies of heterometallic rings. Studies of the other rotaxanes reported here are progressing.

Discussion
==========

In summary, we have shown the general validity of our modular design strategy to overcome one of the major challenges that face quantum computation to bring together many potential qubits. Using simple concepts from coordination and supramolecular chemistry we have shown a gradual increase of the complexity in the arrays synthesized. These results are the first steps of this new strategy to increase the number of qubits in a supramolecular array.

The longer perspective is how such supramolecular compounds could be used as multi-qubit arrays. First, an array of qubits could be prepared in an initial state by cooling the sample in the presence of a moderate magnetic field. This is as the relevant energy scale for preparation of an initial state is the Zeeman energy of the individual electron spins. The inter-qubit interaction energy scale is much smaller, therefore if we can prepare one qubit by cooling in field, we can prepare a multi-qubit array in the same way. This differs from nuclear spins, where the Zeeman energy is much smaller. The major remaining challenge is then to achieve local control to address individual pairs of electron spins to perform selected qubit gates. The DEER results reported above and elsewhere[@b44] suggest this should be possible. The EPR spectra of these compounds are strongly anisotropic and hence it is only at specific orientations where the spin on one qubit interacts with the spin on a second. Studies of orientated single crystals of multi-qubit arrays are planned for the future where we will attempt to demonstrate how such selectivity can be used to perform simple two-qubit gates.

Methods
=======

Synthesis
---------

Unless stated otherwise, all reagents and solvents were used without further purification. The syntheses of the hybrid organic--inorganic rotaxanes were carried out in Erlenmeyer Teflon FEP flasks supplied by Fisher. Column chromatography was carried out using Silica 60A (particle size 35--70 μm, Fisher, UK) as the stationary phase, and TLC was performed on precoated silica gel plates (0.25 mm thick, 60 F254, Merck, Germany) and observed under ultraviolet light. NMR spectra were recorded on Bruker AV 400 and Bruker DMX 500 instruments. Chemical shifts are reported in p.p.m. from low to high frequency and referenced to the residual solvent resonance. electrospray ionization mass spectrometry, matrix-assisted laser desorption ionization-time of flight spectrometry and microanalysis were carried out by the services at the University of Manchester. Details of the synthetic procedures are given in the [Supplementary Methods](#S1){ref-type="supplementary-material"}.

Details of the physical characterization and DEER studies are also given in the [Supplementary Methods](#S1){ref-type="supplementary-material"}.
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**Accession codes**: The X-ray crystallographic coordinates for structures reported in this study have been deposited at the Cambridge Crystallographic Data Centre, under deposition numbers 1037544--1037547. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via [www.ccdc.cam.ac.uk/data_request/cif](http://www.ccdc.cam.ac.uk/data_request/cif).
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![Supramolecular strategy for constructing large arrays of qubits using rotaxanes as ligands.\
(**a**) Scheme for the components of the larger arrays. (**b**) Reactions to give larger \[*n*\]-rotaxanes. The numbers in parentheses refer to compounds discussed in the text.](ncomms10240-f1){#f1}

![Single crystal structures of polyrotaxanes.\
(**a**) \[3\]-rotaxane (**2**); (**b**) \[4\]-rotaxane (**4**); (**c**) \[5\]-rotaxane (**7**) and (**d**) \[5\]-rotaxane (**8**). Hydrogen atoms and pivalate groups omitted for clarity. Metal sites shown as polyhedra. Colour code: Cu, light blue; Cr, purple; Ni, teal; N, blue; O, red; C, grey; F, green; H omitted for clarity. Crystal and refinement parameters given in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.](ncomms10240-f2){#f2}

![SAXS on \[4\]- and \[7\]-rotaxanes.\
(**a**) SAXS data; (i) calculated diffraction from crystallographically determined structure of **4**, (ii) experimental data from **4**, (iii) experimental data from **9**. The solid line in each spectra is the fit that is associated with the pair distribution function plots shown in **b**. (**b**) Pair distance distribution function; (i) fit to calculated SAXS data for **4**, (ii) fit to experimental data collected for **4** and (iii) fit to experimental data collected for **9**. Inset: schematic representation of **4** (top) and **9** (bottom). The pair distance distribution function curves presented were also correlated with Guinier plots and gyration radius calculations to ensure consistency within the data analysis.](ncomms10240-f3){#f3}

![Proposed structure for \[7\]-rotaxane **9**.\
The proposed formula for this compound is \[Fe~2~Co(μ~3~-O)(O~2~C^*t*^Bu)~6~{**C**H~2~{Cr~7~Ni(μ-F)(O~2~C^*t*^Bu)~16~}~2~}~3~\]; colour code as [Fig. 2](#f2){ref-type="fig"}.](ncomms10240-f4){#f4}

![DEER data for compound **7**.\
Samples were measured in toluene at 2.6 K for three values of the magnetic field within the resonance line (3,912, 3,952 and 3,992 G). The probe and pump frequencies were *υ*~1~=9.7648 GHz and *υ*~2~=*υ*~1~--90 MHz, respectively. See [Supplementary Methods](#S1){ref-type="supplementary-material"} for more experimental details.](ncomms10240-f5){#f5}
